An effort is currently underway to recast and combine two NASA guidelines for mitigating the effects of spacecraft charging and electrostatic discharge on spacecraft. The task has the goal of taking the existing NASA guidelines for preventing surface electrostatic charging, NASA-TP-2361 (Purvis et al., 1984), and internal electrostatic charging, NASA-HDBK 4002 (Whittlesey, 1999), and bringing them up to date with recent laboratory and onorbit findings. This paper will describe the status of those on-going efforts to combine and update the two guidelines. Reasons for the upgrades will be presented, including new subject material for which there is now a greater understanding or a greater need which changes satellite design procedures, or both. There will be an emphasis on the proposed contents and on the differences and similarities between surface and internal charging mitigation techniques. In addition, the mitigation requirements that can be derived from the combined handbook will be discussed with emphasis on how they might affect the engineering design and testing of future spacecraft.
I. Introduction
PACECRAFT charging, both surface charging and internal electrostatic charging, is a continuing concern for spacecraft. In particular, surface charging in Earth's geosynchronous orbit can reach 10-20,000 V while discharges due to internal charging have been increasingly observed for orbits in the Earth's radiation belts. Damage from these charging processes has necessitated the development of an increasing number of guidelines and standards for the prevention or mitigation of the effects of these phenomena. Several reviews 1;2 have brought about a growing realization of the importance of these processes in the spacecraft design community. For over 20 years, the existing NASA guideline for preventing surface electrostatic charging, NASA-TP-2361 3 has been the primary resource for understanding and mitigating surface charging effects. The standard for internal electrostatic charging, NASA-HDBK 4002 4 has also become a de facto guide for mitigating this aspect of the problem. Increasingly, however, international pressure has been growing to update these documents and generate specific standards for particular aspects of the problem. Recently, at the 9th International Spacecraft Charging Technology Conference in Tsukuba, Japan (4-8 April 2005) 5 , the desire for an international standard for solar array testing for charging emerged as a pressing issue. The European community is indeed in the process of generating its own standards 6 and guidelines 7 . The Japanese, likewise, are doing the same 8, 9 . Clearly, spacecraft charging control and mitigation has emerged as a fundamental area requiring approved standards in the spacecraft engineering community. This paper seeks to describe ongoing efforts by NASA to meet this need in the years ahead.
In 2003, to address growing concerns with the existing guidelines and standards in spacecraft charging, Dr. A. R. Frederickson initiated a program to recast and combine the primary guides for mitigating the effects of spacecraft charging. That effort had the goal of taking the existing NASA guidelines for preventing surface electrostatic charging, NASA-TP-2361 3 , and internal electrostatic charging, NASA-HDBK 4002 4 and bringing them up to date with recent laboratory and on-orbit findings. We had welcomed this fresh attack on the issues by and with this valued colleague. With the death of Dr. Frederickson in 2004, that study devolved to the previous principle authors to complete. This paper will describe the status of those on-going efforts and compare them with the related efforts in Europe and Japan. It is planned to have a draft revision ready for review by the spacecraft charging community Since the time of the original guidelines, designs that were then only in the research labs are now becoming common-place: high voltage solar arrays, electrodynamic tethers, ion engines (electric propulsion), numerous types of active electrostatic systems (electron and ion guns, neutral plasma sources, plasma contactors, etc.), and solar sails of massive dimensions. While the ultimate implications of these new systems and the appropriate ESD mitigation approaches are not yet certain, at the very least these new hardware items need to be considered. Other high voltage breakdown phenomena also need to be included in future charging standards: plasma enhancements to RF multipacting, reactor effects, and the treatment of radomes are in this group. Of these, the electrostatic breakdown and arcing of solar arrays have been the focus of the greatest attention in this new century. This problem has still not been solved, but what is currently known needs to be included in any update.
The experience of the prior NASA handbooks has been that there is a need for a practical, "hands-on" list of appropriate design rules or "requirements". Although there are few solid design requirements that do not represent a heavy-handed approach (e.g., massive shielding), there are at least a few nominal numeric values to provide guidance for further attention to design. In line with the hands-on approach, the new documents will be enhanced with new and longer tables of material parameters relevant to space ESD (still inadequately characterized), a greater shopping list of representative environments definitions, and new and enhanced graphics to illustrate key points as well as provide quick answers for "ball-parking" concepts and numeric values. The applicable equations will be placed in appendices or noted as reference material for the reader who wishes to know more.
When all is said and done, any single document on spacecraft charging, at least today, cannot be totally selfcontained. There must and will be in the new guideline a heavy emphasis on the need for proper support from a skilled practitioner of space charging/ESD matters. This individual should be a part of any new design review. It is also assumed that testing of new designs is a necessary component of a proper space charging mitigation program.
II. Outline for TP-2361
Consider first the original surface charging guideline by Purvis, Garrett, Whittlesey, and Stevens: "Design Guidelines for Assessing and Controlling Spacecraft Charging Effects", NASA-TP-2361, 1984 3 . TP-2361 was deliberately limited to charging of the outer surfaces of spacecraft based on knowledge at the time. Although it may initially appear plausible that surface voltages can be determined by monitoring charge flows between the outer surface and space plasma, in reality electrical charge deposited anywhere on the surface or the inside of the spacecraft also contributes to the charging potentials on its surfaces. Section 1.0 of TP-2361, the Introduction, describes how spacecraft charging can affect spacecraft operations and spacecraft reliability from the viewpoint of the spacecraft user or designer. There are two primary concerns: a) high surface electrical fields may distort scientific measurements of the space environment, and b) high voltages can produce electrical pulsed-discharges that disturb or destroy portions of the spacecraft. These remain the primary concerns to this day and this section requires only minor changes. Section 2.0, Spacecraft Modeling Techniques, describes analytical modeling techniques for determining the surface voltages produced by interactions between the spacecraft surfaces and space plasma. It also provides examples of the pulsed discharges that have been measured in laboratory testing. Extensive testing since 1984 has provided a much more complete description of the discharge pulsing that may happen on spacecraft. Furthermore, the description of how pulsed discharges couple electrical signals into sensitive systems on the spacecraft needs to be rewritten including more recent references to the literature in the electromagnetic compatibility. This part of the effects on spacecraft is still a work in progress and we are presently uncertain if we can produce an improved product here. Section 3.0 of TP-2361, Spacecraft Design Guidelines, describes how spacecraft design features can be used to minimize the bad effects of spacecraft charging. Basically, one uses the modeling techniques developed in Section 2.0 to identify the development of high voltages and the coupling of pulsed discharge signals into sensitive circuits by choosing spacecraft design details that minimize both surface voltage and coupling. Section 3.0 needs be updated with data and models developed since 1984. Additionally, there is a need for "cookbook" design rules to provide a baseline/guideline for design approaches, especially if one is blessed with a mass or power margin, and doesn't have to conflict with thermal control issues. Section 4.0, Spacecraft Test Techniques, describes how one might test and analyze a spacecraft for charging concerns prior to flight. Its emphasis is on minimizing the pulse discharge threat to sensitive systems. Improved testing procedures for both pulsed discharge and material charging have been developed since 1984 and will be incorporated into the new document. Section 5.0, Control and Monitoring Techniques, describes how one might monitor charging and pulsed discharging on a spacecraft, and how one might develop protection systems to minimize both effects. Again, further information has become available since 1984.
The overall structure of TP-2361 provided by Sections 1.0 through 5.0 appears reasonable to this day. However, more extensive data have been developed since 1984 that should be included in an updated document.
Finally, there are a few other areas that need to be improved. The 4002 document provided guidelines, specifically a plot of Earth regions where internal charging is/may be an issue. We (these authors) have previously computed and presented a "manager's chart" describing regions (altitude and inclination orbits) where surface charging can similarly be an issue. The chart will be incorporated into the new document. As described earlier, one area of specific interest since 1984 is the use of higher voltage solar arrays and the new design accommodations needed to avoid spacecraft charging problems. Although still a work in progress, the new document will need to incorporate as much material about this issue as possible.
III. Outline for Handbook 4002
Handbook 4002 has an overall structure that can easily be overlaid onto the structure of TP-2361. In particular, HDBK-4002 Chapters 1 through 3 (Scope, Applicable Documents, and Acronyms) satisfy the format requirements for handbook documents and, although they do not relate to any part of TP-2361, will also be required for the new handbook. Chapter 4 (Introduction and Background to Space Plasma Charging) in HDBK-4002 corresponds closely to Chapter 2 in TP-2361. It describes the physical processes of charging and pulsed discharging by materials and components inside a spacecraft. Internal charging and pulsed discharging are physically similar to surface charging and pulsed discharging with only minor distinctions. The new handbook will bring together these two chapters, 4 and 2, with the addition of newer data into one chapter that covers the physics of charging and pulsed discharging both inside and outside a spacecraft. The new data on the physics of charging and discharging has dramatically improved compared to the data as described in HDBK-4002 and TP-2361.
Chapter 5 (Processes And Design Guidelines) in HDBK-4002 corresponds to the combination of Chapters 3 and 4 in TP-2361. Chapter 5 describes how charging and discharging affect a variety of spacecraft components. In addition it describes how one tests for the charging and discharging properties of such components. However, improved knowledge of the physics of charging and discharging causes will require changes in many of the descriptions in Chapter 5. The distinctions between design practices and testing procedures as is done in TP-2361 will be maintained. Therefore the information in chapter 5 of HDBK-4002 will be split into two chapters in the new handbook, and new data entered in these two chapters.
The existing 4002 document was constrained by page/document limits. A document of this sort must be small enough to be manageable, but we do expect to incorporate more material in the new document. The table of contents for HDBK-4002 describes a number of specific spacecraft components. In contrast, TP-2361 generally avoids discussion of charging and discharging phenomena for particular components at the surface of spacecraft. By incorporating the descriptive philosophy of HDBK-4002 for internal components into the analysis and design at the surface of spacecraft, it is anticipated that an improved analysis and design (relative to that in TP-2361) for surface components such as high voltage solar arrays and antennas will be attained. These have become important problems for spacecraft, and will be addressed in the proposed new handbook, at least by reference to recent published work. The unfortunate separation arbitrarily imposed in the past between surface and internal phenomena, as well as the relative lack of knowledge about these additional charging phenomena, allowed the spacecraft community to overlook other important surface problems (arrays, antennas, others) until they began occurring on spacecraft after 1984. We can now begin addressing them.
IV. Outline for New Spacecraft Charging Guidelines Handbook
Based on the preceding discussion, the list of chapter topics for the new handbook will be as in Table 1 . Note that this synthesis includes the important components of both documents. A major objective of the new handbook should be to provide a "one stop shop" for surface and internal charging-a goal which Table 1 addresses. Other ideas for this new document include possible separation of the "physics" of the phenomenon (less emphasis) from the practical and specific design and test guidelines (major emphasis of this document) that will be presented. Further, the document will continue to be a work in progress until it is published. Also, the size of the information tables and graphs will be an editing decision. It is impractical to provide all possible plasma spectra for all conceivable mission trajectories (GEO, LEO, polar, jovian, etc.), but selected examples will be provided. Similarly, it is desirable to provide specific material parameters and design options but, again, the required maximum length of the handbook will limit tables of material properties. Other, similar practicalities will also affect the layout of the new document.
Finally, we believe that the handbook "References" form a valuable if not critical resource. The references included will be grouped by topic area so as to provide the user with a well-grounded starting point for further study (as discussed earlier, the guidelines will not attempt to provide a comprehensive list of all relevant published documentation, but is expected to have a sound group of representative reference documents). 
V. Conclusion
This paper has described a program to recast and combine the primary guides for mitigating the effects of spacecraft charging. The goal will also be to bring them up to date with recent laboratory and on-orbit findings as well as perform an editing consolidation of the existing two documents. The paper has described the status of the efforts to combine and update the two guidelines with emphasis on the proposed contents and on the differences and similarities between surface and internal charging mitigation techniques. Again, it is planned to have a draft revision ready for review by the spacecraft charging community by the summer of 2006, with 2006 dedicated to implementing reviewers' comments and additions leading to a new, officially approved NASA guideline by the fall of 2007. We are delighted that there appears to be a renaissance in the understanding of spacecraft charging, its effects, and its mitigation. There are many groups who have been doing excellent work in the spacecraft charging field and we have high expectations for the value of the new handbook. 
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